An increased resistance to the pulmonary circulation in chronic lung disease has long been known as a cause of right ventricular enlargement, and Graham Steell (1888) described functional pulmonary incompetence due to high pressure in the pulmonary artery in mitral stenosis. The modern conception of pulmonary hypertension was introduced by Moschowitz (1927) who was the first to recognize it in various forms of heart disease, in chronic lung disease, and in pulmonary arterial disease, and to describe its clinical signs. The advent of cardiac catheterization has enabled us to test the clinical signs identified with pulmonary hypertension, to measure its severity, and to discover conditions like congenital cardiac or vascular fistule that may be associated with it.
SYMPTOMS
Dyspna?a. The first and dominant symptom was dyspncea. Sometimes this developed unexpectedly during exercise or after some trivial illness; sometimes it came on more gradually. Once appreciable dyspncea had developed, it usually increased rapidly until eventually even slight effort provoked distressing breathlessness, often accompanied by oppression in the chest and a sense of choking and by faintness or exhaustion. Six of our patients developed orthopncea, and five had paroxysms of dyspncea often associated with chest pain, faintness, or even brief syncope. In these attacks the pulse was rapid and very small, and cyanosis became accentuated.
Cardiac Pain. Pain of anginal type and distribution occurred in 6 patients. Sometimes it was provoked by effort and sometimes it occurred at rest or at night, but always it was associated with dyspncea and this distinguished it from the usual form of coronary pain. One patient, aged 64, who for five years had been subject on exertion to constricting upper chest pain extending into both arms and associated with dyspncea, had a severe attack, lasting ten minutes and accompanied by syncope, that was diagnosed at the time as coronary thrombosis. Another patient subject to effort pain later developed paroxysms of dyspncea with constrictive pain lasting ten minutes, sometimes accompanied by vomiting.
Angina pectoris in pulmonary vascular disease was recognized by Posselt (1908) and by Vaquez and Giroux (1908) who named it hypercyanotic pulmonary angina, and this term was also adopted by Arrillaga (1912) in his original account of Ayerza's disease. An identical form of angina occurs in pulmonary hypertension associated with mitral stenosis or with congenital intracardiac shunts. In these conditions also, it is associated with dyspncea, and when provoked by effort it tends to subside slowly with rest. Viar and Harrison (1952) discussed this form of cardiac pain and suggested that it arose from distension of the pulmonary artery. Stuckey (1955) specially investigated its pathogenesis and concluded that it was essentially related to a severely restricted cardiac output and a high pulmonary vascular resistance, with an inadequate coronary flow on effort. The exercise electrocardiogram SOLITARY PULMONARY HYPERTENSION Syncope. Five of our patients had syncopal attacks, sometimes provoked by effort, sometimes associated with paroxysms of dyspncea or pain, and sometimes repetitive. Howarth and Lowe (1953) found that, in primary pulmonary hypertension, the pulmonary arterial pressure rose steeply with effort, after which the right ventricular output fell and its diastolic pressure rose, so that they postulated an acute right ventricular failure as the cause of syncope. Both pain and syncope may occur in the same patient, and there can be no doubt that both are symptoms of a restricted cardiac output. Exhaustion and weakness on effort are lesser symptoms from the same cause.
PHYSICAL SIGNS Those patients seen at the start of their illness showed little or no cyanosis at rest, though it was sometimes present during exertion. Later, cyanosis sometimes became conspicuous especially during paroxysms of dyspncea. Arterial anoxemia was rarely sufficient by itself to account for cyanosis so that a low cardiac output and polycythmmia were mostly responsible for it. Clubbing of the fingers was absent in all but one, where it was slight.
The pulse was usually small or became so later and was sometimes impalpable. Auricular fibrillation was never observed. The blood pressure was usually normal or low when first recorded, and invariably low in the later stages: in two patients, the initial blood pressure was slightly raised. In six cases, the jugular venous pulse exhibited a prominent or even occasionally a giant auricular wave; with the onset of congestive failure, this wave became less obvious and was often overshadowed by the systolic wave of tricuspid incompetence.
Palpation almost always provided evidence of right ventricular hypertrophy. The apex beat, sometimes displaced to the left, was of right ventricular type. A systolic lift over the conus arteriosus was usual, and occasionally there was a widespread systolic impulse from sternum to apex, but in general this pulsation was less widespread and less forcible than that observed in cases of atrial septal defect. A diastolic shock synchronous with pulmonary valvular closure was often present.
A constant finding on auscultation was a loud pulmonary second sound, present in all cases but one, where it was obscured by a loud diastolic murmur. Generally, the second sound at the pulmonary area was obviously but closely split, the second or pulmonary element being the louder. A pulmonary early systolic click or ejection sound (Lian, 1940; Leatham and Vogelpoel, 1954) was heard in six cases, sometimes followed by a systolic murmur which was never loud. A blowing diastolic murmur of pulmonary incompetence was present at some stage in four cases. An apical systolic murmur was heard in several, which may have been of tricuspid rather than mitral origin. A triple rhythm at the apex or over the right ventricle was noticed in 6 cases; usually it was due to a third heart sound, but occasionally to an auricular sound. Once (Case 1) a sound that resembled a mitral opening snap was heard in early diastole.
SPECIAL INVESTIGATIONS
Blood Examination. Slight polycythemia was present in 8 of the 9 where a blood count was recorded, the highest red cell count being 8-8 million and the highest hemoglobin 140 per cent. A polymorphonuclear leucocytosis occurred in four, the highest white cell count being 18,900 per c.mm. The Wassermann reaction was always negative. The arterial oxygen saturation, recorded in six cases, varied from 63 to 93 per cent, being usually between 84 and 93 per cent. The cause of this arterial anoxemia has not been adequately explained: it was not due to a patent foramen ovale, for this was only present in two cases, and in one of them the aperture merely admitted a probe; it may have been caused by a shunt through the enlarged broncho-pulmonary anastomoses.
Radiological Examination. In the anterior view, the right atrium was enlarged in 9 cases, and enlargement towards the left, interpreted as due to the right ventricle, occurred in 10 cases. Right ventricular enlargement involving the conus gave a blunted or square shape to the left heart contour compared with the more pointed oval of left ventricular enlargement. The pulmonary trunk was dilated in every case; it was aneurysmal in 3, much enlarged in 4, and merely prominent in 4 cases. The aorta, in the anterior view, appeared relatively small in 9 and normal in 2 cases.
The main pulmonary branches were enlarged in 9 and normal in 2 cases. The peripheral lung fields were oligwmic in 8, and never plethoric. The large hilar vascular shadows often faded abruptly so that the distal arterial branches appeared unduly narrow (Fig. I to 4) . One case showed the scar of a pulmonary infarct but no others showed any evidence of disease of the lung parenchyma.
Electrocardiogram. The electrocardiogram always presented unequivocal evidence of right ventricular hypertrophy. The standard leads always showed right axis deviation combined with T wave inversion in leads III and II in 7 cases. Lead VI or CR1 always showed a dominant R wave and a negative T wave except once when it was flat. Large and usually sharply pointed P waves in leads II, or II and III, were seen in 9 cases, and usually the P waves were also large in the right chest leads. There was always normal sinus rhythm ( Fig. 5 and 6 ).
The phonocardiogram, when recorded, confirmed the auscultatory findings (Fig. 7) . Splitting of the second sound was narrow as a rule, with accentuation of the pulmonary component. When a pulmonary systolic murmur was recorded its bulk was in mid-systole and it ended before reaching the pulmonary second sound. The start of the murmur was sometimes signalled by the early systolic ejection sound. Once the phonocardiogram showed a high frequency sound in early diastole (Fig. 7D) .
Cardiac Catheterization. Solitary pulmonary hypertension cannot be diagnosed with certainty unless the presence of a congenital intra-cardiac fistula has been excluded. For this purpose direct exploration of the cardiac septa and of the ductus arteriosus by catheter is necessary, and even this is not always conclusive; blood-gas analysis cannot exclude a balanced shunt. For this reason we have omitted from our present series a number of cases in which the diagnosis of solitary pulmonary hypertension was supported by catheterization, and have restricted it to those cases proved by necropsy.
The pulmonary artery pressure was recorded in 6 cases of this series and it was always considerably raised, being 118/80, 70/40, and 67/25 mm. in 3 cases, and in the other 3 the mean pressure was 107, 74, and 63 mm. respectively. In another case the right ventricular mean pressure was 47 mm. The pulmonary capillary pressure was never raised and the cardiac output when measured was low.
CLINICAL COURSE
Sometimes the onset of dyspnoea was quite abrupt. Thus, in one patient it started with a breathless attack while alighting from a bus, in another it followed an attack of bronchitis, and two patients, accustomed to vigorous exercise, found themselves unexpectedly incapacitated at tennis and hockey. Tightness in the chest, cyanosis, fatigue, faintness or syncope were soon linked to dyspncea on exertion.
Once overt dyspncea had occurred, it progressed rapidly, activity became much restricted and, when cyanosis at rest was evident, effort of any sort provoked extraordinary distress. Orthopnea, paroxysms of dyspncea with intense cyanosis, chest pain, and occasionally repeated syncope with a small or impalpable pulse characterized the final stages of the disease. In 10 cases in which the date of onset of symptoms could be determined, the subsequent span of life varied from five months to seven years, the average being approximately 21 years. The shortest survival was in the youngest patient, aged 7, and the longest in the oldest patient, aged 64. Case 9 was exceptional in that a cardiac murmur had been noticed in childhood, syncopal attacks on effort began at the age of 16, severe dyspncea with chest pain at the age of 26, and she died during pregnancy, aged 27. Necropsy showed congenital aneurysmal dilatation of the pulmonary artery in addition to pulmonary vascular disease. Two patients died during pregnancy which had greatly aggravated their symptoms. Congestive heart failure appeared before death in 10 patients though in 5 of them death was sudden from syncope or peripheral circulatory failure. In three, a terminal state of drowsiness and apathy set in, and one patient died following an epileptic fit. stops short of the second sound. The reference electrocardiogram is lead II in E and F, elsewhere CR1. even at necropsy the distinction can be difficult, particularly when the small arteries are involved. In all forms of severe pulmonary hypertension with reduced cardiac output, thrombotic or even embolic occlusion of the larger pulmonary arteries is quite common, and only careful examination of the whole pulmonary vasculature can decide the primary lesion. As illustrative of this difficulty, we may mention two patients reported by Goedel (1930) in whom right heart enlargement and failure were associated with thrombotic lesions in the large pulmonary arteries and with intimal hyperplasia in the small arteries. Brenner (1935) included both of Goedel's cases in his group of primary pulmonary vascular sclerosis, and Brill and Krygier (1941) regarded them likewise, but Lenegre and Gerbaux (1952 and , on the other hand, claimed them as examples of heart disease due to pulmonary arterial thrombosis. We also met this difficulty in three cases that, though regarded as having solitary pulmonary hypertension during life, were found at necropsy to have massive pulmonary embolism or thrombosis and systemic venous thrombosis.
In general, embolic or thrombotic pulmonary hypertension occurs at a later age than the solitary form, usually after 40, and episodes of pulmonary infarction, pleural effusion, or peripheral venous thrombosis can sometimes be recognized at the onset or from the history. In the later stages, when the thrombus has organized, the symptoms and signs may be indistinguishable from those of solitary pulmonary hypertension. Sometimes radioscopy shows immobility of the thrombosed hilar branches, or an abrupt amputation of a main branch beyond the seat of thrombosis.
PATHOLOGY
The liver, spleen, kidneys, and other systemic organs were usually the seat of chronic venous congestion and occasionally of infarction, but the most important changes were found in the heart and lungs. Cardiac malformations like atrial or ventricular septal defects and patent ductus arteriosus were naturally excluded in every case; there was valvular patency of the foramen ovale twice, one case admitting a probe and the other a pencil. The valves were always healthy; the coronary arteries were free from significant atherosclerosis, and there was no myocardial infarction.
The heart was heavier than normal except in one instance (Case 5). Sometimes the increase was slight, but occasionally the weight was three times the normal. In our 11 women patients it ranged between 250 and 525 g., with an average of 393 g. compared with the normal of about 250 g. Right ventricular hypertrophy, usually with moderate or greater dilatation, was invariably present, and the thickness of the ventricle varied from 7 to 20 mm. compared with 9 to 15 mm. for the left ventricle. Intracardiac thrombosis was present in two cases, involving the right auricle in one and the right auricle and ventricle in the other. 
SOLITARY PULMONARY HYPERTENSION
The lung parenchyma usually appeared healthy on naked-eye examination apart from areas of infarction in two cases. The pulmonary arterial trunk was always dilated and so as a rule were its main branches in which intimal thickening was more widespread than usual in subjects of the same age. In two cases the trunk or a main branch was thrombosed (Fig. 8) . The segmental arteries of 2 to 5 mm. diameter often stood out prominently from the cut surface of the lung. The bronchial arteries in their course to the lungs were never enlarged.
The pulmonary arteriogram clearly portrayed narrowing or occlusion wherever it occurred in the arterial tree. When the larger arteries were occluded by thrombus, the territory they supplied was devoid of opaque material leaving bare areas. In places of actual infarction, the injected medium collected to form irregular blotches which had a granular appearance in the full-sized film (Fig. 9) . When the muscular arteries were occluded, they ended blindly, giving to the arteriogram a pruned appearance which has been likened to the denuded shrub in autumn replacing the leafy bush in spring (Evans, 1951) which is its normal appearance ( Fig. 10 and 11) . When the arterioles were occluded there was obvious impoverishment of the fine tracery at the periphery of the magnified arteriogram (Fig. 12) . In some of the cases in which the larger arteries were occluded, anastomotic vessels were seen traversing the pleura, and although a few of these were broncho-pulmonary communications, the majority appeared to be collateral interpulmonary channels which linked the blood supply of adjacent lobules (Fig. 13) . The presence of bronchopulmonary communications could be inferred when during injection the opaque mass flowed out of the bronchial artery into the pulmonary artery, and the communications could occasionally be demonstrated in the magnified arteriograms. The group.bmj.com on June 24, 2017 -Published by http://heart.bmj.com/ Downloaded from itself an indispensable test in the pathological investigation of our cases. Thus, it told the extent and site of thrombosis within the larger vessels, delineating pulmonary infarcts especially when stereoscopic films were used, establishing the presence of obstruction within the muscular arteries, and even within the arterioles, indicating the place where sections should be taken for histological study, discovering the presence of abnormal arterial anastomoses, and distinguishing the arterioles from venules at subsequent microscopy.
By histological examination three kinds of pulmonary arteries were recognized and, following the classification given by Brenner (1935), they are designated elastic arteries, muscular arteries, and arterioles. The elastic arteries show three or more well-defined elastic coats (Fig. 14A) , the muscular arteries two elastic coats separated by circular muscular fibres (Fig. 14B) , and the arterioles a single elastic coat (Fig. 14C) . The transition between an elastic and muscular artery takes place where the external diameter of the vessel is approximately 1 0 mm., and between a muscular artery and arteriole where the diameter is about 0-1 mm. The adventitia is not included in a measure of the diameter since it is often ill-defined. It follows that vessels referred to in this paper as muscular arteries correspond with the arterioles musculaires of French authors, group.bmj.com on June 24, 2017 -Published by http://heart.bmj.com/ Downloaded from and arterioles to their pre-capillaires. Arterioles closely resemble venules on histological examination and unless they are seen arising from a muscular artery they can only be distinguished with certainty following a pulmonary arteriogram.
Arteriography could not always distinguish the bronchial arteries from branches of the pulmonary artery as both were sometimes filled with the injected material. The histology of the bronchial arteries, however, has been carefully described by Verloop (1948) , and the identification of these vessels does not as a rule present any difficulty. Thus, before penetrating the bronchial wall they have a thin muscular coat lined by a dense internal elastic membrane. In the wall of the smaller air passages the longitudinal muscle fibres of the intima of the bronchial arteries increase greatly in number so that the intima is several times thicker than the media, causing the lumen to become very narrow or even closed. In the small bronchial arteries the media may also enlarge, and at the same time its muscle fibres may change in direction and course round the lumen in spiral fashion, ultimately lying almost parallel with the longitudinal fibres of the intima (Fig. 15) .
We have elected to describe the histology of lone or solitary pulmonary hypertension by reference to our own material, since in reported cases the location of the vascular changes in the pulmonary arterial tree has not always been exactly defined.
In the elastic arteries intimal thickening was more noticeable than in normal subjects of the same age. Thrombosis of one or two segmental arteries was a common finding, and it sometimes involved the muscular arteries. It needs emphasizing that thrombosis is a common complication of pulmonary vascular disease whether of the solitary type or associated with mitral stenosis or congenital heart disease such as atrial septal defect. The finding of thrombosis in the larger arteries does not imply that the vascular disease is primarily embolic or thrombotic, if typical histological changes are found in the small vessels and if the arteriogram shows widespread narrowing of the peripheral pulmonary vasculature. The most significant changes in our cases had taken place in the muscular arteries and arterioles. These vessels were often partially or wholly occluded by an abnormal sparsely cellular tissue, and it has been impossible to decide with certainty from histological examination whether the tissue was of thrombotic origin or the result of an intimal reaction. Harrison (1948) showed that pulmonary emboli produced experimentally in the animal may in the course of time shrink to mere plaques of intimal thickening. In the case of solitary pulmonary hypertension, however, we believe that the process is mostly reactive or reparative, even though in part thrombotic, and we have therefore styled it intimal proliferation.
In the muscular arteries this intimal change was related to areas of medial hypoplasia or aplasia, or very rarely focal necrosis. Medial hypoplasia did not as a rule disturb the external circular appearance of the artery because the outer elastic coat of the media, supported by the adventitia, usually remained unindented. On the other hand, the inner elastic coat approached the external coat where the media showed hypoplasia, becoming contiguous with it at sites of medial aplasia (Fig. 16 to 19 associated with mitral stenosis and with congenital heart disease by Henry (1952) and by Heath and Whitaker (1955a and b) .
In Cases 10 and 11 both the muscular arteries and the arterioles appeared normal on histological examination. An arteriogram was performed in one of these two, and showed diffuse narrowing of all the lobular arteries and arterioles to half the normal diameter (see Fig. 12B ). The possibility that this appearance was an artefact has been considered by Short (1956) and ruled out on the grounds that histological examination showed the entire arterial bed to have been fully distended and normally filled. It is concluded therefore that in this case (Case 11) and in Case 10 which resembled it histologically, pulmonary hypertension was due to a persistent reduction in calibre of the pulmonary vascular bed from lack of normal distensibility. The venous system was generally normal, but two cases showed subintimal thickening in the venules which was more extensive than that appearing in our normal controls (Fig. 23 ). An identical appearance was noted by Mallory (1937) Posselt (1908) reported three examples of primary pulmonary sclerosis in infants, in two of whom syphilis in the parents was considered to be the cause of the arterial lesions, and Ljungdahl in 1915 suggested that as the effects of pulmonary sclerosis had appeared in Posselt's cases in the first months of life, the condition might be a congenital abnormality. Clarke et al. (1927) cited the familial occurrence of pulmonary vascular disease as evidence of its congenital origin, and a similar example of familial incidence was reported by Dresdale et al. (1954) . We sought other congenital abnormalities in our cases and found skeletal deformities in Case 2, congenital hypoplasia of the aorta and pulmonary trunk, abnormal origin of the vertebral artery and patent foramen ovale (pencil size) in Case 9, and patent foramen ovale (probe size) in Case 7.
In 1951 Evans, from a pathological investigation which included bronchial and pulmonary arteriography, considered the mechanism that in pulmonary hypertension of the primary kind depended on the presence of congenital medial deficiencies in the lesser pulmonary arteries, also operated in pulmonary hypertension whenever it was associated with congenital dilatation of the pulmonary artery, patent ductus arteriosus, atrial septal defect, pulmonary cystic disease, or emphysema. In that such a mechanism was common to these several clinical states, Evans considered that it justified their inclusion under the title of congenital pulmonary hypertension.
The theory that intimal proliferation is of embolic or thrombotic origin is based partly on experimental evidence (Harrison, 1948; Barnard, 1954) and partly on authenticated cases of pulmonary hypertension associated with recurrent embolism (Castleman and Bland, 1946) . Admitting that the histological distinction between intimal proliferation and organized thrombosis may be difficult, we still believe it is unlikely that embolism can explain many cases of isolated pulmonary hypertension, especially when it occurs in young subjects.
Brinton (1950) and Froment et al. (1954) have suggested that abnormal broncho-pulmonary anastomoses may cause pulmonary hypertension. There is indeed evidence that such a communication raises the pulmonary arterial pressure. Thus, Liebow et al. (1950) catheterized the pulmonary arteries in a patient with regional bronchiectasis, and found both the pressure and the oxygen saturation higher in the artery feeding the diseased part than in the branches supplying healthy portions of the lungs. In our cases, however, although abnormal broncho-pulmonary anastomoses were demonstrated, the extra-pulmonary bronchial arteries were not enlarged. It seems unlikely, therefore, that these vessels could carry sufficient blood to double the flow through the pulmonary arterioles, and even then the effect would be no greater than that of a moderate patent ductus arteriosus.
SUMMARY AND CONCLUSIONS
Solitary pulmonary hypertension is defined as a persistent elevation of pulmonary arterial pressure sufficien't to produce enlargement and ultimately failure of the right ventricle, where the cause is confined to obstruction in the lesser pulmonary arteries of intrinsic origin. We have described 11 cases, each investigated clinically and at necropsy.
The condition is far commoner in women than in men and all our cases happened to be female. Our youngest patient died at the age of 7, the oldest at 64; the remaining nine survived to ages of between 20 and 40 years.
The dominant symptom was rapidly increasing dyspncea on exertion which usually culminated in paroxysmal dyspncea and orthopncea. Cyanosis was absent or slight at the start but sometimes became intense later on when heart failure had set in. Finger clubbing was absent in all but one. Cardiac pain, always accompanied by dyspncea, was present in 6 cases, and syncope in 5; both symptoms occurred either during effort or paroxysms of dyspncea, and were attributed to a low cardiac output.
The pulse was small or became so, and the blood pressure a little low. The jugular venous pulse showed an exaggerated auricular wave in 6 cases. Palpation gave evidence of right ventricular hypertrophy as a rule. Auscultation at the pulmonary area usually showed an early systolic ejection sound, often a murmur maximal in mid-systole, a loud and closely split second sound, and in 4 cases a diastolic murmur of pulmonary incompetence. A triple rhythm at the apex was common late in the illness. Slight or moderate polycythemia was found in 8, sometimes with leucocytosis. The Wassermann reactionwas always negative. Slight arterial anoxemiawas the rule.
Radiological findings included enlargement of the right atrium and ventricle, and dilatation of the pulmonary trunk. The main pulmonary branches were almost always enlarged, but the peripheral lung fields appeared ischamic, and plethora was never seen. The electrocardiogram proved an indispensable test, always exhibiting the pattern of right ventricular hypertrophy especially in leads CR1 or VI, and usually with evidence of right atrial hypertrophy.
Cardiac catheterization, performed in 7 cases, excluded an intracardiac shunt and always showed considerable elevation of pulmonary arterial and right ventricular pressure.
The clinical course was inexorably downhill, the average duration of life from the onset of cardiac symptoms being 2j years; this was less in the younger than in the older patients.
In diagnosis, chronic lung disease, mitral stenosis, and congenital heart disease had to be ex- cluded. The distinction between solitary pulmonary hypertension and that resulting from recurrent pulmonary embolism sometimes proved impossible during life, and difficult even at necropsy. Course. She developed cough and hemoptysis and was admitted to hospital in May 1949 in heart failure with cyanosis, cold extremities, and small pulse. Later she had four syncopal attacks, and died of heart failure 7 years after the onset of cardiac pain, and less than three years after her first symptoms of heart failure.
Necropsy. Customary signs of heart failure in viscera. No thrombosis of pelvic or femoral veins. Heart. Great hypertrophy of RV (1-3 cm. thick). LV normal (11 cm. thick (Fig. 18) . Some arterioles appeared healthy, but many showed intimal proliferation which sometimes occluded these vessels (Fig. 22B) 
